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Ripple morphology of graphitic surfaces: a comparison between few-layer 
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The surface structure of Few-Layer Graphene (FLG) epitaxially grown on the C-face of SiC has been investigated by TM-AFM in ambient air and upon 
interaction with diluted aqueous solutions of bio-organic molecules (dimethyl sulfoxide, DMSO, and L-Methionine). On pristine FLG we observe nicely 
ordered, three-fold oriented rippled domains, with a 4.7±0.2 nm periodicity (small periodicity, SP) and a peak-to-valley distance in the range 0.1÷0.2 
nm. Upon mild interaction of the FLG surface with the molecular solution, the ripple periodicity “relaxes” to 6.2±0.2 nm (large periodicity, LP), while 
the peak-to-valley height increases to 0.2÷0.3 nm. When additional energy is transferred to the system through sonication in solution, graphene 
planes are peeled off from FLG, as shown by quantitative analysis of XPS and Raman spectroscopy data which indicate a neat reduction of thickness. 
Upon sonication rippled domains are no longer observed. Regarding HOPG, we could not observe ripples on cleaved samples in ambient air, while LP 
ripples develop upon interaction with the molecular solutions. Recent literature on similar systems is not univocal regarding the interpretation of 
rippling. The complex of our comparative observations on FLG and HOPG can be hardly rationalized solely on the base of surface assembly of 
molecules, either organic molecules coming from the solution or adventitious species. We propose to consider the ripples as the manifestation of the 
free-energy minimization of quasi-2D layers, eventually affected by factors such as the interplane stacking, the interaction with molecules and/or 
with the AFM tip. 
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Introduction 
Interfacial phenomena occurring at the surface of 
graphite or 2D graphitic compounds interacting with 
organic solvent/solutions present many aspects of 
interest in diverse fields. Relevant examples regard the 
development of bio-sensing devices1-11 and the liquid-
phase exfoliation of graphite12-20 which is of prominent 
importance for cost-effective, large scale exploitation of 
graphene21-25. 
We report here on a subtle and interesting issue related 
to the interaction of aqueous solutions of organic and 
biologic molecules with graphitic surfaces. 
In an early report26, we investigated by AFM the surface 
morphology resulting from the interaction of diluted 
solutions of several proteins with the surface of cleaved 
HOPG. Regardless of the protein structure, interaction 
with the solution led to the observation of nicely ordered 
“ripples”, showing a well-defined periodicity of 6.2 nm. 
The “ripples”, forming extended three-fold oriented 
nanopatterned domains, were tentatively ascribed to the 
re-assembly of peptides following the unfolding of 
proteins26. More recent experiments we performed on 
HOPG led to the observation of the same type of rippled 
domains upon interaction with several organic and 
biologic molecules, such as polyelectrolytes27, ε-
caprolactam28 or even small molecules like L-methionine, 
much simpler than proteins27. These new evidences cast 
doubts on an interpretation of ripples based solely on the 
simple assembly of molecules. 
Rippled domains with seemingly similar structure but 
with periodicity of about 4-5 nm have been reported in 
recent literature on a variety of graphitic surfaces. Hwang 
and coworkers observed ripples at the water/HOPG 
interface29-31 and at the interface between water and 
graphene-coated mica32 and assigned the ripples to 
ordered gas domains, formed after diffusion of water-
dissolved gas molecules towards the hydrophobic 
surface. Similar ripples were observed on bilayer 
graphene33 and on hydrogen-intercalated graphene34 on 
SiC, exposed to ambient air. Assuming the presence of a 
wetting layer on the air–exposed surface, the authors 
endorsed the interpretation of Hwang and coworkers 
and assigned the ripples to adsorbed gas layers.  
The interpretation in terms of airborne molecular 
adsorption has been also accepted in a most recent 
report dealing with friction properties of 2D materials35 
where ripples were observed on exfoliated graphene and 
exfoliated hBN deposited on SiO2 as well as on epitaxial 
graphene/hBN heterostructures exposed to ambient air.  
Rippled domains were identified as the cause of friction 
anisotropy in other AFM studies on exfoliated 
graphene36-39 and on other 2D materials, like MoS2, 
NbSe2 and hBN, on weakly adherent substrates38. 
Friction anisotropy was found to decrease when the 
applied load was increased37 whereas an increase in 
friction was observed when the sheet thickness 
decreased to one monolayer38. These reports assigned 
friction anisotropy to rippled domains resulting from out-
of-plane deformations of ultrathin and weakly 
interacting films, i.e. almost 2D systems. 
The astonishingly similar ripple morphology which is 
observed in experiments that are apparently very 
different renewed our interest in the rippling of graphitic 
surfaces. We opted to perform new experiments looking 
at the interaction of organic molecules with so-called 
epitaxial, few-layer graphene, grown on the carbon-rich 
surface of SiC (in brief FLG). Owing to the very weak inter-
plane electronic coupling, FLG can be considered as an 
ultrathin stack of “independent” graphene planes40. 
Thanks to the lack of bulk graphitic signal, FLG allows 
easier detection of eventual removal of graphene layers 
after interaction with molecules, which can be easily 
observed as a film thickness reduction, through methods 
like XPS and Raman analysis. In this respect, FLG, better 
than HOPG, allows to explore the correlation between 
ripple formation and possible exfoliation of graphene 
planes. In addition, the comparison of results obtained 
on FLG and on HOPG can shed light on the role of stacking 
of graphene planes in the rippling process. In facts, the 
relationship between molecular adsorption and plane 
stacking deserves attention when considering interfacial 
phenomena on graphitic compounds as emphasized e.g. 
by a recent paper on trilayer graphene on SiO2 which 
reported a transformation of ABC-stacked to ABA-
stacked domains upon deposition in vacuum of triazine 
molecules41.  
In this work we shed further light on the formation and 
nature of the ripples on HOPG and graphene focussing on 
the origin of both the small periodicity (SP, 4.7 nm) and 
the larger periodicity (LP, 6.2 nm) ripple morphology. To 
this end we performed experiments with aqueous 
solutions of dimethyl sulfoxide (DMSO), a solvent widely 
exploited for liquid phase exfoliation of graphene42 and 
with solutions of the aminoacid L-methionine, chosen as 
an example of a simple biomolecule with a non-polar side 
chain and two ionisable, polar groups. 
The results obtained by simply dropping molecular 
solutions onto the FLG surface have been compared to 
those obtained after delicate exfoliation through 
sonicating the surface into a  diluted DMSO solution. We 
will show that “gentle” interaction with dropped DMSO 
or L-methionine produces a drastic change of the rippling 
morphology of FLG which relaxes from a SP to a LP 
structure, i.e. the same obtained in experiments on 
HOPG.  
Instead, exfoliation, i.e. a harder treatment, destroys the 
surface order and the ripple morphology. 
Experimental 
Materials 
FLG was grown on the C-terminated face of insulating on-
axis-oriented silicon carbide 4H-SiC(0001) (0.5 × 0.5 cm2) 
substrates in a resistively heated cold-wall reactor 
(Aixtron HT-BM) via thermal decomposition43,44. Before 
growth, the samples were hydrogen etched in an H2/Ar 
gas flow (500/500 sccm), in order to obtain atomically 
flat surfaces45. The pressure was 450 mbar, temperature 
and etch time were 1250 °C and 5 min. Growth was 
performed in the same reactor in an argon atmosphere 
of 780 mbar at a temperature and growth time of 1350 
°C and 15 min. The quality of the samples and the 
number of graphene layers were assessed by Raman 
spectroscopy (as detailed below in the paper). Highly 
oriented pyrolytic graphite, HOPG, (12x12x1.7 mm3, 
Grade ZYB) was purchased from NT- MDT, Russia.  
Solutions were prepared by dissolving DMSO, (Sigma-
Aldrich, 99%) and L-Methionine (Sigma-Aldrich, 98%) in 
Milli-Q water to a final concentration of 0.3 µg/ml. Both 
compounds were used as received without further 
purification. The interaction of the two kinds of solution 
with the carbon surface of FLG and freshly cleaved HOPG 
was achieved through two methods: 
(i) “Mild” treatment (dropping) 
DMSO or L-Methionine solutions were dropped on the 
surface. After one hour incubation at room temperature, 
samples were thoroughly rinsed with Milli-Q and dried 
under a nitrogen stream.  
(ii) “Hard” treatment (sonication)  
Glass vials containing molecular solutions (DMSO or L-
methionine) and the substrate were placed in an 
ultrasonic bath. Samples were sonicated for 1 h. After 
sonication the samples were thoroughly rinsed with 
Milli-Q water and dried under a nitrogen stream. 
In order to observe exfoliation products from graphite 
through UV-Vis absorption, freshly peeled HOPG flakes 
were sonicated in either DMSO or L-methionine solution 
for time intervals from 30 min to 2 hours.  
 
Characterization methods 
The morphology of pristine and processed surfaces were 
investigated by atomic force microscopy (AFM). Tapping 
mode AFM measurements were performed using a 
Multimode/Nanoscope IV system (Bruker) and Si 
cantilevers (OMCL-AC160 TS, Olympus) with a nominal 
tip radius of 7 nm and a resonance frequency in air of 
about 330 kHz.  
The change in FLG thickness induced by exfoliation was 
studied by X-ray photoelectron spectroscopy (XPS) and 
Raman spectroscopy. 
XPS measurements were carried out using a 5600 
MultiTechnique apparatus operated as reported in 
previous studies46. An X-ray Al-monochromatised source 
(hν=1486.6 eV) was used. The spectra are shown as a 
function of binding energy (BE): the scale was referenced 
to the C1s signal of C-C adventitious carbon on the SiC 
substrate set at 284.9 eV. The take-off angle was 45°. 
Raman spectroscopy measurements were performed by 
using a Renishaw InVia system equipped with a 532 nm 
green laser and a motorized stage for large-area 
mapping. A beam spot size of approximately 1µm in 
diameter was used. 
UV-Vis absorption spectroscopy measurements were 
performed using a Jasco V-530 double-beam 
spectrophotometer. 
Results 
Surface Morphology: SP and LP ripples 
 
Pristine FLG. Figure 1a shows a representative, large-
scale tapping mode AFM image of the surface of pristine 
Figure 1 Tapping mode AFM height images of FLG on SiC. (a) Pristine FLG; Z-scale: 25 nm (b) FLG after sonication in DMSO 
solution; Z-scale: 25 nm (c) Pristine FLG: zooming in the regions delimited by ridges; Z-scale: 0.8 nm (d) FLG after dropping 
with L-Methionine solution; Z-scale: 0.8 nm. In panels (c) and (d) arrows and double segments indicate the directions and 
spacing of the ripples. (e) Z profile obtained along the red line of image in panel (a). (f) Z profile of ripples on pristine FLG 
(green line) and after methionine dropping (blue line). 
 
 
FLG. The surface is characterized by micrometer-sized 
flat domains separated by thin ridges. Deep holes, 20-30 
nm in depth, can be also observed, which likely result 
from the graphitization. As inferred from the analysis of 
the z profiles (Figure 1e), ridges have different height, 
from a few up to 10-15 nanometers. They are arranged 
according to a pseudo hexagonal network, suggesting 
their alignment along high-symmetry directions of the 
FLG film. The ridges run continuously over the 
underneath SiC steps suggesting that the graphene films 
are likely to be continuous over the micrometer distance. 
Ridges are typical of FLG on SiC47-49; a similar morphology 
has been observed also on FLG grown on Ni substrates by 
chemical vapour deposition50.  
According to literature, the ridges are due to folds of 
graphene layers which form during cooling47,49. The 
formation of ridges is due to the relaxation of the 
anisotropic compressive stress of the film resulting from 
the different thermal contraction of graphene and 
substrate. 
AFM images of pristine FLG samples obtained by zooming 
in the flat regions delimited by ridges show the presence 
of well-defined, regular nanopatterned (rippled) 
domains (Figure 1c). Ripples are oriented along the high-
symmetry directions of the carbon planes. Analysis of the 
z-profiles of the rippled domains (a representative 
example is shown in Figure 1f, green line) indicates a 
periodicity of 4.7±0.2 nm (SP ripples) with peak-to-valley 
height of 0.1÷0.2 nm. Ripples could not be detected on 
the graphene grown on the Si face of SiC. This finding 
could be related to the stronger interaction between 
graphene and substrate mediated by the presence of the 
buffer layer51. The observation of a ripple morphology on 
pristine FLG (carbon face) appears at sharp variance with 
previous observations on pristine (cleaved) HOPG. 
Indeed, rippled domains were observed on HOPG only 
upon interaction with a aqueous molecular solution26. 
“Mild” treatment with DMSO/L-methionine. We have 
executed AFM experiments after dropping either DMSO 
or L-methionine solutions on the FLG surface. No 
morphological changes were observed at the mesoscopic 
scale. Interestingly, a change of the ripple morphology 
was observed at the nanometer scale. For both DMSO 
and L-methionine the ripple periodicity “relaxes” from 
4.7±0.2 nm to 6.2±0.2 nm, while the peak-to-valley 
height increases to 0.2÷0.3 nm (Figure 1f, dotted blue 
line). The SP to LP structural change was triggered by the 
interaction with the solution. 
Regarding HOPG, as shown in Figure 2a on the example 
of DMSO, dropping of DMSO or L-methionine induced 
wide, three-fold oriented LP rippled domains with the 
same periodicity observed in previous experiments using 
other compounds; we note that in some experiments 
dealing with proteins both SP and LP ripples were 
observed26. 
“Hard” treatment: sonication in DMSO. Sonication of 
pristine FLG samples in the DMSO solution significantly 
affects the surface morphology. Large-scale AFM 
measurements shown in Figure 1b indicate the removal 
of ridges, that is a rather strong indication of a peeling 
process. Exfoliation could be also invoked as the origin of 
flakes or debris (small bright irregular “islands” in Figure 
1b) that decorate many flat regions. Going to the 
nanoscale, we observed the complete removal of ripples 
(data not shown). Control AFM experiments on HOPG 
after sonication in DMSO (Figure 2b) showed irregular 
flakes, likely resulting from peeling and re-stacking 
processes. The height of the flakes varies from the 
equivalent of a few up to a few tens of carbon layers. No 
ripple structure was observed at the nanoscale.  
 
No rippled domains could be therefore detected on both 
FLG and HOPG samples after sonication in DMSO 
solution. 
 
 
Figure 2. Tapping mode AFM images of HOPG: (a) after 
dropping with DMSO solution (amplitude image); (b) 
after sonication in DMSO solution (height image, Z-scale: 
50 nm). 
 
Figure. 3 XPS core level spectra. Left panels: C1s spectral region. Right panels: Si2p spectral region. (a-b) SiC substrate, (c-
d) FLG, pristine, (e-f) FLG, after sonication in DMSO. 
 
 
XPS and Raman analysis 
 
Representative XPS results are reported in figure 3, which 
shows C1s and Si2p core level spectra for the pristine and 
treated FLG film. Spectra obtained on a bare SiC 
substrate are reported for comparison. The graphical 
choice adopted for the y-scales emphasizes the neat 
differences among the three cases. The figures show the 
decomposition in sub-components after a background 
(linear + Shirley-type) subtraction. Details on line-shape 
fitting are given below, for each panel.  
Regarding the bare SiC, the C1s spectrum (Figure 3a) is 
characterized by two main sub-components which have 
been fitted by Voigt functions. The higher BE component  
CA, located at 284.9±0.2 eV, was assigned to sp3 
adventitious carbon and used as reference. The CS 
component, at 282.8±0.2 eV, was attributed to the SiC 
substrate after comparison with previous reports52,53. 
Two additional weak components at ~ 286.5 eV and 
283.5 eV were included for a more accurate reproduction 
of the experimental profile. The former is perceptible 
also on raw data and can be likely assigned to 
contaminants. The latter, much weaker and correlated to 
the choice of background, is tentatively assigned to some 
SiC faults. The Si2p data (Figure 3b) also show two 
components. The 2p doublets have been modelled with 
Voigt functions, with a branching ratio of 1:2 and a spin 
orbit splitting of 0.6 eV. The doublet structure is fully 
evident only on the most intense SiS peak: the 2p3/2 sub-
component is located at 100.6±0.1 eV BE and can be 
assigned to SiC53,54. The weaker component SiD is located 
at 102.1±0.2 eV BE. The severe broadening of SiD 
suggests the convolution of several contributions from 
defects. Regarding the pristine FLG, the C1s spectrum 
(figure 3c) is dominated by the intense, well-defined CG 
peak which exhibits the clear asymmetry toward higher 
binding energies typical of graphitic systems55. The peak 
was therefore fitted by a Doniach-Sunjic (DS) line shape 
function. The position, at 284.4±0.1 eV, is in agreement 
with previous works on FLG52,56. The FLG film is thick 
enough that the detection of photo-electrons belonging 
to the substrate is substantially suppressed: Only a faint 
Cs component at ~ 282.5 eV is indeed reminiscent of SiC. 
Passing to the Si2p spectral region (Figure 3d) the SiS 
peak appears severely attenuated and its intensity is now 
lower than the SiD peak. It is also broadened, likely 
reflecting substantial alterations of the topmost layers of 
the substrate induced by the FLG formation process. 
After sonication in DMSO (Figure 3e-f), the sharp 
decrease of the CG peak intensity on one side and the 
increase of the substrate-related peaks (CS and SiS ) on 
the other side testify the reduction of the FLG film 
thickness. The best fit positions were found at 284.6±0.1 
and 282.8±0.2 eV for the CG and the CS components, 
respectively, which were reproduced by a Voigt profile. 
According to literature the small upward BE shift of the 
CG state is consistent with the thinning of the FLG 
film52,53,57,58. On the other hand, the SiD component 
appears much less affected by the sonication treatment. 
We may speculate that part of SiC faults could have 
hindered the formation of FLG.  
We have applied well-known formulas54,59,60 to 
determine the thickness of the FLG  film based on the 
intensity of the film- and substrate-related XPS peaks, 
taking into account the photoelectron emission angle, 
attenuation lengths and elemental sensitivity factors. We 
exploited the intensity of FLG- and SiC-related peaks 
derived from C1s and Si2p spectra to obtain an estimate 
of the initial FLG film thickness and the reduction of 
thickness after sonication.  
It turns out that 1h sonication in DMSO reduces the FLG 
thickness to ~40% of the initial thickness which can be 
estimated of the order of 3.5 nm (~ 12 layers), assuming 
a value for the attenuation length in FLG of  2 nm for 
photoelectrons with kinetic energies of 1200-1300 eV54. 
Figure 4 shows the Raman spectra of FLG before and 
after 1-hour sonication in DMSO solution, together with 
data on bare SiC for comparison. 
 
 
 
Figure 4 Representative Raman spectra. (a) SiC substrate 
(b) FLG, pristine (c) FLG, after sonication in DMSO 
solution. G, 2D and D peaks are characteristic of graphitic 
samples. The measurements were performed exploiting 
a 532 nm laser. 
 
 
Regarding pristine FLG (curve b), a rather sharp 2D peak  
is observed at ~ 2665 cm-1, out of the range of SiC 
overtones visible below 2000 cm-1, in excellent 
agreement with literature40,61,62. The G peak is 
appreciable at ~1580 cm-1, amid intense SiC 
contributions. The comparison with the SiC substrate 
spectrum (curve a) allows also to appreciate a low-
intensity D peak at ~1340 cm-1. The 2D peak does not 
show the multicomponent form typical of Bernal stacking 
of graphitic samples (e.g. HOPG)40,63-65, and clearly 
resembles a single bell-shaped structure (38 cm-1 
f.w.h.m.), which is the fingerprint of the single-band 
dispersion relation of decoupled graphene layers as 
previously reported40,66. This finding can be attributed to 
the growth mechanism of FLG on SiC. Epitaxial layers 
obtained on the C-face of SiC contain rotational stacking 
faults which result in graphene sheets which are 
electronically decoupled, as it is the case to some extent 
of turbostratic graphite52,67,68. Therefore, the band 
structure of FLG films on the C-face on SiC is relatively 
similar to that of single layer graphene40. Sonication in 
DMSO results in a strong attenuation of G and 2D 
components (curve c). The decrease in intensity of the 
FLG peaks is accompanied by the increase in intensity of 
the SiC-related signals. Similar spectra were reported in 
literature for ultrathin films of epitaxial graphene with 
different thickness on SiC54. According to the analysis 
algorithm proposed in ref.54, which is based on the 
evaluation of attenuation of SiC Raman peaks caused by 
the FLG film, we can estimate a thickness of the pristine 
FLG film of 12-13 layers, while the thickness reduces to 
about 5-6 layers after sonication. The Raman spectra of 
Figure 4 are therefore consistent with the XPS analysis, 
indicating an overall residual FLG thickness of a few 
layers after sonication.  
Since for HOPG it is difficult to obtain direct information 
on exfoliation from XPS or Raman due to the persistent 
bulk graphitic signal, we resorted to the UV-Vis 
absorption spectroscopy analysis of the solution 
obtained after sonication of HOPG flakes. The absorption 
spectra (not shown) exhibited a maximum at ~ 270 nm, 
indicative of the π conjugated electronic structure of 
graphene sheets14,65, thus confirming exfoliation also at 
the very low solution concentration adopted in the 
present work.  
Regarding the “mild” treatment, XPS/Raman 
experiments didn’t show significant changes in 
comparison to the pristine FLG film. However, in XPS 
mappings, a slight increase of the SiS /CG ratio was 
observed in a few zones of the samples, eventually 
compatible with a local, very small reduction of the FLG 
film thickness. At variance with the sonication treatment, 
simple dropping was not able to induce significant 
exfoliation. Regarding molecular adsorption, wide-scan 
spectra occasionally showed the presence of trace 
signals of states related to the dropped molecules, like S 
(for both DMSO and L-methionine) or COOH states (for L-
methionine) while the N1s state was never detected. 
Therefore, to the best of our analysis and under the UHV 
conditions needed for the XPS measurements, we can 
exclude the presence of organized, long range ordered 
molecular layers able to form ripples. 
Discussion 
The ripple structure observed in the present study on FLG 
appear completely different in nature with respect to 
lamellar-type structures observed in several in-situ STM 
investigations at the solid-liquid interface between HOPG 
and neat liquid alkanes with both simple or substituted 
chains (e.g.69-71). In those studies the lamellar width was 
found to scale with the molecular chain length and the 
lamellae were ascribed to the formation of an ordered 
molecular layer at the solid-liquid interface.  
Rippled domains were reported also in a STM study of 
the interface between HOPG and a methionine solution 
in octanol72. In that case the ripples were interpreted as 
rows of methionine dimers and the inter-row distance 
was found to increase with decreasing the methionine 
concentration. 
We observed ripples in two situations: i) SP-type ripples 
on pristine FLG ii) LP-type ripples on FLG and HOPG 
surfaces rinsed and dried after “gentle” interaction with 
diluted DMSO or methionine aqueous solutions. The LP 
ripple structure was the same irrespective of the type of 
molecular solution and was the same that we observed 
in previous experiments on HOPG after gentle 
interaction with aqueous solutions of many molecules 
(proteins26, Ɛ-caprolactame28, polyelectrolytes and L-
methionine27). In some experiments on biomolecule 
interaction with HOPG we observed two exposed planes 
showing different ripple periodicity: LP-type ripples on 
the topmost terraces and SP-type ripples on the 
immediately lower level26. 
Considering these findings it is difficult to figure out the 
same adsorption pattern for molecules endowed with 
different structure, and molecular weights which span 
three orders of magnitude. 
We have tried to get spectroscopic information on 
eventual adsorbed molecular layers by exploiting gentle 
spectroscopic ellipsometry (SE) measurements.  
In favourable cases, through the use of difference 
spectra, SE was able to provide clear fingerprints of 
formation of molecular monolayers46,73. On substrates 
like gold74 or SiO275 we could detect the Soret band of 
sub-monolayer films of cytochrome c. We therefore 
performed SE measurements on HOPG after interaction 
with cytochrome c solution (data not shown). While we 
were able to detect well-defined ripples by AFM, we did 
not observe any clear spectral feature related to the 
molecular absorption. By applying the differential 
spectra analysis to the SE data we got tiny signals that 
could be compatible with both the adsorption of an 
ultrathin transparent layer or with surface roughening27.  
Further, the AFM observation of coexisting LP and SP 
rippled structures26 points to exclude the assignment of 
ripples to molecular domains since quite peculiar phase 
segregated adsorption mechanisms should be invoked to 
account for coexisting domains. 
The sum of our findings seems therefore to rule away 
quite definitely any assignment of the ripples to the sole 
organization of molecular material deposited from the 
solution.  
In other experiments on the HOPG surface exposed to 
water, a surface morphology similar to the SP-type 
ripples has been observed29-31. The authors proposed an 
interpretation in terms of ordered domains of gas 
adsorbates (N2 or O2), which would eventually form after 
gas diffusion through the air-water interface and 
subsequent segregation at the hydrophobic-water 
interface as indicated by molecular dynamics 
simulations76. This interpretation was substantially 
endorsed in other works which studied exfoliated 
graphene on mica exposed to water32 or epitaxial 
graphene on SiC, both mono- and bi-layer33, and H-
intercalated graphene on SiC34, exposed to air. In the 
latter case33,34, while the high density of disordered 
adsorbates prevented the observation of ripples on 
epitaxial graphene monolayer, the SP-rippled structure 
observed on bilayer and on H-intercalated graphene was 
ascribed to a gas layer diffusing to the surface through 
the adsorbed wetting layer. A recent paper35 showed an 
interesting correlation between ripple orientation and 
friction anisotropy properties on exfoliated graphene. 
Further, the authors observed the SP-type ripples also on 
hBN and on graphene/hBN heterostructures; in the latter 
case a transition to LP-type ripples (from ~4 to ~6 nm 
periodicity) was observed upon sample thermal cycling 
at low temperature. The paper critically discussed the 
origin of the ripples starting from the adsorbed gas 
model29. The authors noted the lack of chemical analysis 
proving the nitrogen content of the stripes and pointed 
out that no explanation is given for the formation of 
nanometer-sized stripes instead of a homogeneous 
nitrogen layer. Within the adsorbate model, the 
authors35 are in favour of the self-assembly of airborne 
and ubiquitous species which could account for the 
observation of the same stripe periodicity independently 
of the sample treatment. It is worth to mention that 
recent papers emphasized the influence of airborne 
organic contaminants on the wettability of graphitic 
surfaces77-79. 
The above mentioned studies29,31,33-35 did not report 
spectroscopic evidence of the presence of adsorbed 
molecular layers. 
We did not observe a N2 layer as well in our XPS 
measurements. However, it should be noted that the 
UHV conditions adopted could have perturbed or even 
destroyed the delicate equilibrium conditions eventually 
necessary to the preservation of such a weakly bound 
surface gaseous layer.  
We note that other recent AFM studies reporting on 
friction anisotropy domains on graphene and other 
atomically thin sheets on weakly adherent substrates36-39 
put forward a different interpretation, attributing rippled 
domains to out-of-plane deformations of ultrathin and 
weakly interacting films, i.e. almost 2D systems.  
In particular, in ref.39 a combined torsional AFM and 
ARPES study could demonstrate that ripples on 
exfoliated graphene on SiO2 were aligned along the zig-
zag direction of the hexagonal lattice; in the same study 
theoretical calculations indicated a ripple periodicity of 
5.7 nm under a 10% compressive strain and a 0.16 
meV/nm2 lower energy for zig-zag directional ripples 
compared to armchair directional ones.  
Therefore, while some works emphasize the role of 
airborne species diffusing through aqueous phase in the 
rippling process of graphitic surfaces29-35, other works 
possibly point to other driving factors36-39.  
Interesting hints came from an experiment revealing that 
the deposition of triazine molecules from the vapour 
phase led to modify the stacking order in trilayer 
graphene from Bernal (ABA) to ABC stacking25.  
The different graphene stacking order in FLG and HOPG 
could be an interesting factor to be considered. During 
graphitization on the C-face of SiC, graphene layers 
experience some rotational freedom with respect to 
each other and lock in, on average, to preferred 
orientations. Indeed analysis of X-ray azimuthal scans 
indicated three preferred orientations of FLG relative to 
the SiC azimuth68,80. The low stacking order of epitaxial 
graphene results in an interlayer spacing inferred from X-
ray reflectivity (0.3368 nm)80 higher than that for 
crystalline graphite (0.335 nm)67.  
Graphene layers in pristine FLG can be therefore 
regarded as a sort of loosely interacting system, quasi-2D 
in character. In this respect, it is tempting to ascribe the 
SP rippled domains we observed on pristine FLG to a 
process of free energy minimization, similar to the 
surface rippling of free standing 2D materials81-83. 
In the case of pristine HOPG, the ordered Bernal-type 
stacking and the relatively higher van der Waals 
interactions stabilize the carbon planes in the planar 
configuration and inhibit the formation of ripples. 
The interaction with aqueous solutions of organic 
compounds may modify the picture. We suggest that the 
relaxation from the SP to the LP-type ripples on FLG and 
the LP ripples observed on HOPG after “mild” treatment 
could be due the to the weakening of the van der Waals 
interplane interactions, induced e.g. by molecules 
bearing both apolar moieties, with high affinity for the 
carbon plane, and polar groups, highly interacting with 
the aqueous phase. Such a weakening could make the 
carbon planes even more similar to 2D systems possibly 
affecting the stacking and rotational order. 
We note that the observation of LP and SP ripples on 
topmost and second level terraces points to the possible 
role of stacking and interplanar interactions while seems 
less encouraging regarding an interpretation in terms of 
layers formed by “adventitious” molecules. 
When additional energy is transferred to the system 
through sonication, the reduction of van der Waals 
interactions proceeds further and, even though very 
diluted solutions are used, graphene planes are peeled 
off, in a similar way as previously reported in literature 
for liquid exfoliation of graphene in proper organic 
solvents/solutions. Interestingly when exfoliation occurs, 
rippled domains are no more observed on FLG, likely due 
to the higher defect density resulting from sonication. 
Several reports investigated the mechanical response of 
loosely bound quasi-2D systems following STM or AFM 
tip perturbation84-87 and reported local distorsion of the 
Moiré pattern observed on supported graphene. At the 
computational level, Duan et al.88 developed a 
continuum model of a graphene sheet which accounts 
for ripple formation under the influence of a shear stress; 
in that case, however, ripple periodicity was found to be 
modulated by shear stress intensity. In Friction Force 
Microscopy studies on HOPG, Rastei et al ascribed the 
observation of rippled domains to a tip-induced 
puckering process89,90. 
Further, the AFM operation mode has been reported to 
influence the observation of ripples. Giessibl and 
coworkers33,34 observed ripples on bilayer graphene and 
hydrogen-intercalated graphene on SiC with AFM 
operated in force-modulation mode (FM-AFM). Hwang 
and coworkers observed ripples in PeakForce- and FM-
AFM, but not in TM-AFM29-32. In the present study as well 
as in ref35 ripples could be resolved in TM-AFM. The 
capability of observing ripples therefore seems to 
depend on subtle details of the tip/surface interaction 
conditions.  
Conclusions 
From the discussion of our results and considering data 
reported in literature it emerges that at least three, 
possibly interrelated, aspects can be into play for the 
observation of ripples on graphitic substrates: (i) the 
interplane order and stacking (loosely interacting, quasi 
2D systems could chose rippling for energy 
minimization), (ii) a soft interaction between surface and 
aqueous phase, either solution of bio-organic molecules 
or water with dissolved gaseous species, (iii) the 
perturbation of the graphene surface by the scanning 
AFM tip. 
We would exclude the assignment of ripples to organic 
molecules that adsorb on the surface from the solution 
forming ordered domains, as no experiment was able to 
gather spectroscopic evidence of the presence of an 
extended molecular layer on the surface. 
We do not exclude the interpretation of ripples in terms 
of corrugation of a molecular layer formed by gaseous 
“contaminants” coming from the ambient or dissolved in 
water. The research work by Hwang and coworkers29-32, 
exploring the dynamics of ripple formation, supports this 
interpretation. Nevertheless, as already mentioned, the 
simultaneous observation of SP and LP ripples on 
adjacent planes26 of HOPG seems hard to be rationalised 
in terms of the sole molecular organization. 
As mentioned above SP ripples have been observed in 2D 
materials different from graphene and have been 
ascribed to environmental adsorbates which would 
organize similarly on very different substrates35.  
However a different interpretation can be attempted. 
The liquid phase interacting with the topmost surface 
layers can weaken the carbon plane coupling or even to 
some extent intercalate between carbon planes. 
Ripples could therefore be regarded not as the direct 
image of the molecular layer but eventually as the result 
of a free-energy minimization process of loosely 
interacting quasi 2D graphene layers, promoted by 
molecules which could either weaken the interplane 
interaction and/or act as surfactants/intercalants. In this 
respect it is worth to mention that noble gas intercalation 
between graphene and Ir91 or Pt92 surfaces has been 
reported to produce graphene deformations at the 
nanoscale while water intercalation has recently been 
reported between graphene and a hydrophilic 
substrate93. 
To get further insight into the origin of ripples, it could be 
worth to look for rippling processes on other 2D 
materials to evaluate how lattice constants, interplane 
interactions and stacking order can eventually modulate 
rippling. 
Definite conclusions about the actual presence and role 
of weakly bound adventitious species needs a convincing 
spectral characterization, which appears difficult to 
obtain for this kind of systems.  
Finally we note that, though the AFM operational 
conditions to observe ripples could be critical, the 
nanopatterns, once formed, can be even exploited as 
templates to guide the oriented deposition of highly 
anisotropic objects, such as amyloid-like fibrils obtained 
by nanoparticle-induced protein aggregation94. 
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Dichtel, J. M. Parpia and H. G. Craighead, Analytical 
chemistry, 2013, 85, 2754-2759. 
5. Y. Wang, Z. Li, J. Wang, J. Li and Y. Lin, Trends in 
biotechnology, 2011, 29, 205-212. 
6. F. De Leo, A. Magistrato and D. Bonifazi, Chemical Society 
Reviews, 2015, 44, 6916-6953. 
7. Z. E. Hughes and T. R. Walsh, Journal of Materials 
Chemistry B, 2015, 3, 3211-3221. 
8. C. M. Nakano, H. Ma and T. Wei, Applied Physics Letters, 
2015, 106, 153701. 
9. A. Zhang and C. M. Lieber, Chemical Reviews, 2016, 116, 
215-257. 
10. J. G. Vilhena, A. C. Dumitru, E. T. Herruzo, J. I. Mendieta-
Moreno, R. Garcia, P. A. Serena and R. Perez, Nanoscale, 
2016, 8, 13463-13475. 
11. M. Cai, D. Thorpe, D. H. Adamson and H. C. Schniepp, 
Journal of Materials Chemistry, 2012, 22, 24992-25002. 
12. C. E. Hamilton, J. R. Lomeda, Z. Sun, J. M. Tour and A. R. 
Barron, Nano Letters, 2009, 9, 3460-3462. 
13. Y. Hernandez, V. Nicolosi, M. Lotya, F. M. Blighe, Z. Sun, S. 
De, I. T. McGovern, B. Holland, M. Byrne, Y. K. Gun'Ko, J. 
J. Boland, P. Niraj, G. Duesberg, S. Krishnamurthy, R. 
Goodhue, J. Hutchison, V. Scardaci, A. C. Ferrari and J. N. 
Coleman, Nat Nano, 2008, 3, 563-568. 
14. D. Li, M. B. Muller, S. Gilje, R. B. Kaner and G. G. Wallace, 
Nat Nano, 2008, 3, 101-105. 
15. M. Lotya, Y. Hernandez, P. J. King, R. J. Smith, V. Nicolosi, 
L. S. Karlsson, F. M. Blighe, S. De, Z. Wang, I. T. McGovern, 
G. S. Duesberg and J. N. Coleman, Journal of the American 
Chemical Society, 2009, 131, 3611-3620. 
16. C. J. Shih, S. Lin, M. S. Strano and D. Blankschtein, J Am 
Chem Soc, 2010, 132, 14638-14648. 
17. M. Zhang, R. R. Parajuli, D. Mastrogiovanni, B. Dai, P. Lo, 
W. Cheung, R. Brukh, P. L. Chiu, T. Zhou, Z. Liu, E. 
Garfunkel and H. He, Small (Weinheim an der Bergstrasse, 
Germany), 2010, 6, 1100-1107. 
18. W. Zhao, M. Fang, F. Wu, H. Wu, L. Wang and G. Chen, 
Journal of Materials Chemistry, 2010, 20, 5817-5819. 
19. L. Guardia, M. J. Fernández-Merino, J. I. Paredes, P. Solís-
Fernández, S. Villar-Rodil, A. Martínez-Alonso and J. M. D. 
Tascón, Carbon, 2011, 49, 1653-1662. 
20. Z. Y. Xia, S. Pezzini, E. Treossi, G. Giambastiani, F. 
Corticelli, V. Morandi, A. Zanelli, V. Bellani and V. Palermo, 
Advanced Functional Materials, 2013, 23, 4684-4693. 
21. F. Bonaccorso, Z. Sun, T. Hasan and A. Ferrari, Nature 
photonics, 2010, 4, 611-622. 
22. S. Dutta and S. K. Pati, Journal of Materials Chemistry, 
2010, 20, 8207-8223. 
23. A. K. Geim and K. S. Novoselov, Nat Mater, 2007, 6, 183-
191. 
24. J. C. Meyer, A. K. Geim, M. I. Katsnelson, K. S. Novoselov, 
T. J. Booth and S. Roth, Nature, 2007, 446, 60-63. 
25. W. Zhang, J. Yan, C.-H. Chen, L. Lei, J.-L. Kuo, Z. Shen and 
L.-J. Li, Nature communications, 2013, 4, 2074. 
26. T. Svaldo-Lanero, A. Penco, M. Prato, M. Canepa, R. 
Rolandi and O. Cavalleri, Soft Matter, 2008, 4, 965-967. 
27. A. Penco, T. Svaldo-Lanero, M. Prato, C. Toccafondi, R. 
Rolandi, M. Canepa and O. Cavalleri, in GraphITA 2011: 
Selected papers from the Workshop on Fundamentals and 
Applications of Graphene, eds. L. Ottaviano and V. 
Morandi, Springer Berlin Heidelberg, Berlin, Heidelberg, 
2012, DOI: 10.1007/978-3-642-20644-3_28, pp. 221-228. 
28. O. Monticelli, S. Bocchini, A. Frache, E. S. Cozza, O. 
Cavalleri and L. Prati, Journal of Nanomaterials, 2012, 
2012, 5. 
29. Y.-H. Lu, C.-W. Yang and I.-S. Hwang, Langmuir, 2012, 28, 
12691-12695. 
30. C. K. Fang, H. C. Ko, C. W. Yang, Y. H. Lu and I. S. Hwang, 
Sci Rep, 2016, 6, 24651. 
31. Y. H. Lu, C. W. Yang, C. K. Fang, H. C. Ko and I. S. Hwang, 
Sci Rep, 2014, 4, 7189. 
32. H. C. Ko, W. H. Hsu, C. W. Yang, C. K. Fang, Y. H. Lu and I. 
S. Hwang, Langmuir, 2016, 32, 11164-11171. 
33. D. S. Wastl, F. Speck, E. Wutscher, M. Ostler, T. Seyller and 
F. J. Giessibl, ACS nano, 2013, 7, 10032-10037. 
34. D. S. Wastl, A. J. Weymouth and F. J. Giessibl, ACS nano, 
2014, 8, 5233-5239. 
35. P. Gallagher, M. Lee, F. Amet, P. Maksymovych, J. Wang, 
S. Wang, X. Lu, G. Zhang, K. Watanabe and T. Taniguchi, 
Nature communications, 2016, 7, 10745. 
36. J. S. Choi, J. S. Kim, I. S. Byun, D. H. Lee, I. R. Hwang, B. H. 
Park, T. Choi, J. Y. Park and M. Salmeron, The Review of 
scientific instruments, 2012, 83, 073905. 
37. J. S. Choi, J.-S. Kim, I.-S. Byun, D. H. Lee, M. J. Lee, B. H. 
Park, C. Lee, D. Yoon, H. Cheong, K. H. Lee, Y.-W. Son, J. Y. 
Park and M. Salmeron, Science (New York, N.Y.), 2011, 
333, 607-610. 
38. C. Lee, Q. Li, W. Kalb, X.-Z. Liu, H. Berger, R. W. Carpick 
and J. Hone, Science (New York, N.Y.), 2010, 328, 76-80. 
39. J. S. Choi, Y. J. Chang, S. Woo, Y.-W. Son, Y. Park, M. J. Lee, 
I.-S. Byun, J.-S. Kim, C.-G. Choi and A. Bostwick, Scientific 
reports, 2014, 4, 7263. 
40. C. Faugeras, A. Nerrière, M. Potemski, A. Mahmood, E. 
Dujardin, C. Berger and W. De Heer, Applied Physics 
Letters, 2008, 92, 011914. 
41. W. Zhang, J. Yan, C.-H. Chen, L. Lei, J.-L. Kuo, Z. Shen and 
L.-J. Li, Nature Communications, 2013, 4, 2074. 
42. Y.-W. Shih, G.-W. Tseng, C.-Y. Hsieh, Y.-Y. Li and A. Sakoda, 
Acta Materialia, 2014, 78, 314-319. 
43. U. Starke, S. Forti, K. Emtsev and C. Coletti, Mrs Bulletin, 
2012, 37, 1177-1186. 
44. D. Convertino, A. Rossi, V. Miseikis, V. Piazza and C. 
Coletti, MRS Advances, 2016, 1, 3667-3672. 
45. C. L. Frewin, C. Coletti, C. Riedl, U. Starke and S. E. 
Saddow, 2009. 
46. M. Prato, M. Alloisio, S. A. Jadhav, A. Chincarini, T. Svaldo-
Lanero, F. Bisio, O. Cavalleri and M. Canepa, The Journal 
of Physical Chemistry C, 2009, 113, 20683-20688. 
47. G. Prakash, M. A. Capano, M. L. Bolen, D. Zemlyanov and 
R. G. Reifenberger, Carbon, 2010, 48, 2383-2393. 
48. S. Shivaraman, R. A. Barton, X. Yu, J. Alden, L. Herman, M. 
Chandrashekhar, J. Park, P. L. McEuen, J. M. Parpia and H. 
G. Craighead, Nano letters, 2009, 9, 3100-3105. 
49. J. Hass, W. De Heer and E. Conrad, Journal of Physics: 
Condensed Matter, 2008, 20, 323202. 
50. A. Obraztsov, E. Obraztsova, A. Tyurnina and A. 
Zolotukhin, Carbon, 2007, 45, 2017-2021. 
51. C. Riedl, C. Coletti and U. Starke, Journal of Physics D: 
Applied Physics, 2010, 43, 374009. 
52. U. Starke and C. Riedl, Journal of Physics: Condensed 
Matter, 2009, 21, 134016. 
53. L. I. Johansson, P. A. Glans and N. Hellgren, Surface 
Science, 1998, 405, 288-297. 
54. S. Shivaraman, M. Chandrashekhar, J. J. Boeckl and M. G. 
Spencer, Journal of electronic materials, 2009, 38, 725-
730. 
55. T. Susi, T. Pichler and P. Ayala, Beilstein Journal of 
Nanotechnology, 2015, 6, 177-192. 
56. C. Riedl, Epitaxial Graphene on Silicon Carbide Surfaces: 
Growth, Characterization, Doping and Hydrogen 
Intercalation, 2010. 
57. K. Emtsev, F. Speck, T. Seyller, L. Ley and J. D. Riley, 
Physical Review B, 2008, 77, 155303. 
58. J. Hicks, K. Shepperd, F. Wang and E. H. Conrad, Journal of 
Physics D: Applied Physics, 2012, 45, 154002. 
59. P. J. Cumpson, Surface and interface analysis, 2000, 29, 
403-406. 
60. E. Rollings, G. H. Gweon, S. Y. Zhou, B. S. Mun, J. L. 
McChesney, B. S. Hussain, A. V. Fedorov, P. N. First, W. A. 
de Heer and A. Lanzara, Journal of Physics and Chemistry 
of Solids, 2006, 67, 2172-2177. 
61. E. B. Barros, N. S. Demir, A. G. Souza Filho, J. Mendes Filho, 
A. Jorio, G. Dresselhaus and M. S. Dresselhaus, Physical 
Review B, 2005, 71, 165422. 
62. A. C. Ferrari, Solid State Communications, 2007, 143, 47-
57. 
63. A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi, M. 
Lazzeri, F. Mauri, S. Piscanec, D. Jiang, K. S. Novoselov, S. 
Roth and A. K. Geim, Physical Review Letters, 2006, 97, 
187401. 
64. S. Reich and C. Thomsen, Philosophical transactions. 
Series A, Mathematical, physical, and engineering 
sciences, 2004, 362, 2271-2288. 
65. J. Röhrl, M. Hundhausen, K. V. Emtsev, T. Seyller, R. 
Graupner and L. Ley, Applied Physics Letters, 2008, 92, 
201918. 
66. Z. Ni, Y. Wang, T. Yu and Z. Shen, Nano Research, 2008, 1, 
273-291. 
67. M. A. Pimenta, G. Dresselhaus, M. S. Dresselhaus, L. G. 
Cancado, A. Jorio and R. Saito, Physical Chemistry 
Chemical Physics, 2007, 9, 1276-1290. 
68. J. Hass, F. Varchon, J. E. Millán-Otoya, M. Sprinkle, N. 
Sharma, W. A. de Heer, C. Berger, P. N. First, L. Magaud 
and E. H. Conrad, Physical Review Letters, 2008, 100, 
125504. 
69. W.-f. Dong, R. Wang, G. Mao and H. Möhwald, Soft 
Matter, 2006, 2, 686-692. 
70. S. De Feyter, A. Gesquière, M. M. Abdel-Mottaleb, P. C. 
M. Grim, F. C. De Schryver, C. Meiners, M. Sieffert, S. 
Valiyaveettil and K. Müllen, Accounts of Chemical 
Research, 2000, 33, 520-531. 
71. J. P. Rabe and S. Buchholz, Physical Review Letters, 1991, 
66, 2096-2099. 
72. C. Riedl, C. Coletti, T. Iwasaki, A. A. Zakharov and U. 
Starke, Physical Review Letters, 2009, 103, 246804. 
73. M. Prato, R. Moroni, F. Bisio, R. Rolandi, L. Mattera, O. 
Cavalleri and M. Canepa, The Journal of Physical 
Chemistry C, 2008, 112, 3899-3906. 
74. C. Toccafondi, M. Prato, G. Maidecchi, A. Penco, F. Bisio, 
O. Cavalleri and M. Canepa, Journal of colloid and 
interface science, 2011, 364, 125-132. 
75. C. Toccafondi, O. Cavalleri, F. Bisio and M. Canepa, Thin 
Solid Films, 2013, 543, 78-82. 
76. S. M. Dammer and D. Lohse, Physical review letters, 2006, 
96, 206101. 
77. A. Kozbial, Z. Li, J. Sun, X. Gong, F. Zhou, Y. Wang, H. Xu, 
H. Liu and L. Li, Carbon, 2014, 74, 218-225. 
78. Z. Li, Y. Wang, A. Kozbial, G. Shenoy, F. Zhou, R. McGinley, 
P. Ireland, B. Morganstein, A. Kunkel and S. P. Surwade, 
Nature materials, 2013, 12, 925-931. 
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